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We report the first demonstration of stimulated Raman
spectroscopy enhanced by a nanophotonic integrated
circuit. The Raman response of low-concentration
dimethyl sulfoxide (DMSO) is evanescently probed
via cm-long wire-waveguides. A signal enhancement
of close to five orders of magnitude as compared to
the case of on-chip spontaneous Raman scattering is
demonstrated. This significant enhancement factor al-
lows for the use of CW-lasers with mW-level power
and uncooled detectors, and therefore sets the basis of
future all-on-a-chip Raman spectrometers suitable for
both gas and liquid detection. © 2018 Optical Society of Amer-
ica
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Raman spectroscopy has found wide popularity in biomed-
ical, physical, chemical and environmental areas due to its ca-
pability of identifying molecular fingerprints [1–4]. However,
the intrinsic weakness of the Raman scattering process typically
requires state-of-the-art high-power laser excitation and deep-
cooled CCD camera detection that hinders broader lower cost
applications of Raman spectroscopy.
Considerable efforts have been devoted to miniaturize Ra-
man systems with the aim of drastically reducing cost and size
while enhancing the signal intensity [5]. Waveguide enhance-
ment has been proposed and demonstrated as early as in 1972 [6].
By tightly confining both the excitation and the analyte within
an optical waveguide, the Raman signal is hugely enhanced via
increased interaction volume. Spontaneous Raman spectroscopy
in hollow core photonic crystal fibers has been demonstrated
for sub-ppm level gas sensing [7, 8]. However, watt-level pump
power and liquid-nitrogen-cooled detectors are typically still
needed in these demonstrations. Also, the extension to liquid
analytes is not straightforward in the fiber platform [9, 10].
Silicon nitride nanophotonics is now a very mature photonic
platform providing integrated lasers [11], spectrometers [12]
and high-performance spectral functionalities such as filters [13],
arrayed-waveguide gratings [14] and Bragg gratings [15]. As
a CMOS-compatible technology, silicon nitride photonic inte-
grated circuits are promising for providing a fully integrated
Raman sensor in a small footprint and at low cost. The silicon
nitride platform not only enables Raman-on-a-chip integration,
but it is also suitable for both liquid and gas sensing due to
its high refractive index. Spontaneous Raman scattering with
evanescent excitations and collections has been demonstrated
to detect bulk liquid of isopropylalcohol [16], monolayers [17]
and gas in ppb-level thanks to a hypersorbent polymer func-
tionalized waveguide [18]. Unfortunately, the waveguide en-
hancement remains too low for avoiding the use of deep-cooled
detectors in this spontaneous Raman scattering modality, which
hurdles the demonstration a fully integrated Raman sensor.
Coherent Raman Scattering (CRS) is another widely utilized
phenomenon that is capable of enhancing the Raman signal by
many orders of magnitude. CRS is typically implemented using
two lasers – a pump laser and a Stokes laser – the difference
frequency of which excites molecular vibrations in a resonant
way. Both of the CRS implementations, coherent anti-stokes Ra-
man scattering (CARS) and stimulated Raman scattering (SRS),
have been extensively applied in vibrational imaging [1]. CARS
focuses on the detection of a newly generated light at a blue-shift
frequency, while SRS focuses on the detection of relative inten-
sity variations of the injected beams. Although CARS has been
demonstrated in liquid fill capillaries [19], SRS is preferable for
waveguide Raman sensors due to its automatic phase-matching,
unlike CARS that requires challenging dispersion engineering
to fulfill the phase-matching condition over a rather wide band-
width. Besides, in the case of SRS, unlike spontaneous Raman
and CARS, the resulting photocurrent signal scales with the am-
plitude of both the original Stokes field and the scattered field,
which by itself is an enhancement mechanism sometimes called
self-heterodyned detection[1]. Moreover, SRS is capable of repro-
ducing the spontaneous Raman spectra with linear dependence
on concentration. CW SRS has been demonstrated in liquid ben-
zene in 1977 [20] and has recently applied for imaging [21]. The
potential of waveguide enhanced SRS has already been demon-
strated in hollow core photonic crystal fibers (HCPCF) [22, 23]
where SRS signal has been observed from H2 and CO2 with
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Fig. 1. An illustrative plot of the waveguide (a) before and (b) after the application of DMSO. The cross-section of the waveguide at
the sensing section is h× w = 700 nm× 300 nm. (c) The setup for SRS measurement. We use a counter-propagating configuration
with pump coupled from the left to the waveguide and the Stokes injected from the right.
milliwatt level of cw excitations.
Compared to HCPCFs, although evanescent Raman detection
with rib waveguides suffers from a reduced signal due to de-
creased modal overlap, it makes probing of liquids dramatically
easier, enables convenient integration with microfluidics[24],
and opens up new applications in probing thin-films or even
monolayers. On-chip SRS has the potential for on-the-spot de-
tection of 2D materials [25], semiconductor [26], organic mate-
rial [27], and bio-chemical interactions [17, 28].
In this letter, we report for the first time the use of a nanopho-
tonic waveguide for SRS spectroscopy. As a proof of princi-
ple demonstration, the Raman response of dimethyl sulfoxide
(DMSO) is recorded from 500 cm−1 to 900 cm−1 with high spec-
tral resolution. Measurements are further performed on the C-S
stretch of DMSO at 670 cm−1 to investigate the performance of
our setup in low concentration. The detection limit is 280 mM for
DMSO with a 600 ms time constant for the lock-in amplifier and
an average power of 60 mW for both beams. With improvements
in light coupling and waveguide design, the sensitivity is ex-
pected to be further improved by 3∼4 orders of magnitudes. Our
work paves the way towards a low-cost point-of-care Raman
sensor that is expected to find applications in drug production,
health monitoring, and on-site environmental sensing.
The Raman sensor is made of a nanophotonic waveguide the
geometry of which is chosen as a tradeoff between low prop-
agation loss and high overlap of the evanescent field with the
analyte. The silicon nitride waveguide core is deposited through
Plasma-Enhanced Chemical Vapor Deposition (PECVD) and
later patterned via deep-UV lithography and reactive ion etch-
ing as depicted in [16]. The 1-cm long waveguide has a nominal
cross-section of h × w = 700 nm× 300 nm and its width is ta-
pered up to 3 µm at both ends for better coupling efficiency. The
bottom optical cladding of the waveguide is a 3.3 µm-thick layer
of silica, and the top cladding is the analyte under investiga-
tion along the 8-mm sensing area while the remaining 2-mm is
cladded by a layer of 1 µm-thick silica.
A schematic plot of the structure is shown in Fig. 1(a,b). The
refractive index of the silicon nitride is 1.9, and the mode overlap
with the analyte varies as a function of the refractive index of
the top-cladding. Pure DMSO has a refractive index of 1.48,
resulting in 14% of the modal power propagating inside the
analyte and this power fraction drops to 9.6% for water. To
reduce the impact of reflections at the facet of the waveguide, as
discussed later, we terminate the waveguides with a 15-degree
angled facet by dicing and polishing of the whole chip.
In the SRS process, the signal appears as a small gain of
intensity at the Stokes wavelength and is typically read out
via the lock-in technique. In our demonstration, the pump is
first amplitude modulated at a certain reference frequency. The
modulation is then transferred to the Stokes wave via the Raman
interaction and picked up by a lock-in amplifier. By sweeping
the Stokes wavelength, we can obtain the Raman spectrum of the
analyte. Figure. 1(c) shows the setup of our SRS measurement. A
laser diode (LD785-SEV300, Thorlabs) emitting at 785 nm is used
as the pump. It is modulated in intensity with a depth of 30%
at 38 MHz through direct current modulation. A cw tunable Ti:
Sapphire laser (SOLSTIS, M2) is employed as the Stokes beam.
Two objectives focus pump and Stokes beams from opposite
sides of the waveguide. Polarizer and half-wave plates are used
to adjust the injected powers and ensure that both beams excite
the fundamental TE mode of the waveguide. The transmissions
of the beams are monitored for optical alignment. The input
power is 30 mW before the objective for both beams and the time
constant of the lock-in amplifier is set to 100 ms unless explicitly
stated. A small part (4%) of the Stokes beam is tapped before
Raman interaction and serves to partially cancel the large DC
component in the Raman signal measured by a balanced detector
(PDB450A-AC). The electrical signal from the photodiode is then
amplified by 104 through a built-in transimpedance amplifier.
We first test our setup by the Raman spectrum of the sili-
con nitride waveguide. For the specific PECVD silicon nitride
that makes the core of our waveguide, the Raman response
exhibits a sharp peak at 2330 cm−1 and a broad feature below
1200 cm−1 [16, 18]. We sweep the wavelength from 800 nm to
850 nm with a resolution of 0.05 nm to record the SRS spectrum.
It corresponds to a Raman spectrum extending from 295 cm−1
to 1050 cm−1 with 0.74 cm−1 resolution (given the pump wave-
length of 785 nm). In Fig. 2 we compare the response of the
waveguide using spontaneous and stimulated excitation. We
can readily see the excellent agreement of both spectra without
any adjustment other than a proportionality factor.
To record the SRS spectra of DMSO, we scan the wavelength
of the Stokes beam from 817 nm to 845 nm with a resolution of
0.05 nm. In Fig. 3 we show the Raman spectra before (dashed
red line) and after (solid blue line) drop casting the DMSO. The
SRS results are obtained by normalizing the lock-in signal by
the intensity of both waves on the chip. After the application
of DMSO, we can readily notice the appearance of two peaks at
668.8 cm−1 and 699.3 cm−1 the position and relative intensity of
which are in good agreement with the spontaneous Raman spec-
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Fig. 2. The response of the waveguide core measured with
spontaneous Raman scattering(green dashed) and SRS scatter-
ing(blue solid).
tra obtained with a confocal Raman microscope (black dotted
line) and with the same waveguide (solid green line).
Fig. 3. The recorded SRS spectra from waveguide before
(dashed red) and after (solid blue) the application of DMSO.
Reference spontaneous Raman spectra for DMSO are taken
separately with confocal Raman microscope (black dotted) and
with the same waveguide (solid green).
In Fig. 4, the signal dependence on the concentration of
DMSO in water is investigated using the 670 cm−1 Raman peak.
Fig. 4(a) displays in blue lines the SRS spectra with 50%, 15% and
2% of DMSO dissolved in water recorded with a time constant of
100 ms and the spectra are vertically offset for clarity. In the 2%
measurement, the SRS spectrum is so noisy that the Raman peak
is not identifiable. The Raman peak reappears after we extend
the time constant to 600 ms. The result is shown Fig. 4(b) as the
red curve and the 100 ms result is repeated in blue, , and both of
the results are subtracted by the mean value. The heights of the
DMSO peak relative to the background are extracted, and the
results are shown in Fig. 4(c). There is a gradual frequency shift
of the Raman peak with reduced concentrations, which might
arise from the dipole-dipole interaction of the DMSO-water com-
plex [29]. This frequency shift is also observed in microscope
spontaneous Raman measurements. The height of the Raman
peaks shows an excellent linearity concerning the DMSO concen-
tration, which is crucial for quantitative analysis. For an input
of 60 mW from both lasers, corresponding to 10 mW and 3 mW
of effective Stokes and Pump power on the chip, the raw SNR
of the 2% (280 mM) of DMSO is estimated to be 1.5. The signal
level in the lock-in is 44 nV, and it corresponds to a modulation
depth of 2× 10−8.
The SRS is generally accompanied by two types of parasitic
nonlinear processes, namely two-photon absorption and nonlin-
ear phase change [1, 30]. Two-photon absorption (TPA) refers
to the simultaneous absorption of a pump photon and a Stokes
photon, and it results in direct attenuation of the Stokes signal.
In on-chip SRS, the large bandgap of silicon nitride and the low
peak power of the excitations ensure a negligible contribution
from TPA. Nonlinear phase change, or cross-phase modulation
Fig. 4. The SRS signal of different concentrations of DMSO
in water. (a) SRS spectra of 50%, 15%, and 2% of DMSO mea-
sured with a time constant of 100 ms (blue) with a y-axis offset
for clarity. (b) Mean-value-subtracted SRS spectra of 2% of
DMSO measured with both 100 ms (blue) and 600 ms (red). (c)
The extracted peak height from the SRS spectra and its stan-
dard deviation.
(XPM), arises from the refractive index change induced by the
pump beam and experienced by the probe beam. The refractive
index change can arise either from thermal effects or from the
Kerr effect. Nonlinear phase change per se does not change the
amplitude of the Stokes beam and is therefore not expected to
provide any spurious signal. However, in practice the nonlinear
phase change finds two interferometric paths converting it into
amplitude change and the SRS signal can be swamped entirely
by them: (i) The silicon nitride waveguide forms intrinsically
a low-quality-factor Fabry-Perot cavity; (ii) After the applica-
tion of the liquid, a small portion of the Stokes beam can reach
the other facet directly through the liquid cladding. This spuri-
ous transmission and the waveguide transmission constitute an
unbalanced Mach-Zehnder interferometer.
In our demonstration, we have suppressed the Fabry-Perot
effect by limiting the reflections from the facets through termi-
nating our waveguides with an angle of 15 degrees. This angle
reduces by at least 40 dB the coupling of reflected light back
to the waveguide. The Mach-Zehnder effect is circumvented
by avoiding injecting both beams on the same line as shown
in Fig. 1(c). With these modifications, we were successful in
rejecting the spurious signals arising from the XPM and obtain
the Raman signal only.
To characterize the signal enhancement provided by the SRS
technique, with both the 670 cm−1 and the 700 cm−1 Raman
modes, we compare the generated optical power in spontaneous
Raman measurement [16] to the power modulation in SRS mea-
surement based on the result in Fig. 3 obtained on the same
waveguide. As a result, for 30 mW of Stokes power before
the chip, the experimental signal enhancement is estimated to
be (1.5± 0.8)× 105 with the same pump power. In theory, the
enhancement ratio of SRS can be estimated through [1]
RateSRS/RateSpon = ns + 1, (1)
where ns is the number of Stokes photons within the analyte.
We estimate the Stokes power in the analyte to be 0.7 mW given
the estimate of 14% for the confinement factor. Taking into
account the propagation constant and the waveguide length, we
estimate the enhancement ratio to be (1.2± 0.4)× 105, which is
in reasonable agreement with the experiments.
Although the stimulation by the Stokes beam dramatically
intensifies the Raman signal, it also induces extra shot noise to
the system. In our optical setup, the shot noise associated with
1 mW of Stokes power in the balanced detector (corresponding
to the maximum power injection in the measurements) is found
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to be 41 nV/
√
Hz while the dark noise is 71 nV/
√
Hz. This
implies that the dark noise still limits the current setup, and an
SNR of 1.8 is expected in the 2% DMSO measurement while the
measured value is 1.5. For comparison, the SNR is 1.9 for on-
chip spontaneous measurement with a 30 s integration time and
the same 3 mW pump power on the chip. The integration time
is chosen to be the same as recording the spectra of 2% DMSO
in Fig. 4(b) with 3 cm−1 resolution. We can see that a truly shot-
noise limited SRS system would outperform the spontaneous
one regarding SNR despite the extra shot noise.
In the present experiments, we have not yet achieved the
ultimate performance for waveguide-based SRS. An improved
modulation scheme can increase the modulation depth from
30% to 100% and enhance the signal by 3 folds. With dedicated
couplers [31], the coupling loss could be reduced from 7.5 dB to
below 1 dB, benefiting the SRS signal cubically (affecting both
the in- and out-coupling the Stokes beam and the in -coupling
of the pump beam). However, couplers with both low cou-
pling loss and low modal reflections are not trivial to design.
Therefore more work at the building block level is needed to
improve the SRS enhancement factor. Adjusting the geometry
of the waveguide [32] can also enhance the signal. It has been
demonstrated that highly-confined slot waveguides are capable
of improving the Raman conversion efficiency by 8-times. This
enhancement is not yet observed in the current SRS experiments
because tested slot waveguides were excessively long given their
higher propagation losses. With these improvements, the SRS
signal can be further enhanced by 3∼4 orders of magnitude.
Considering the associated shot-noise, we expect the on-chip
SRS to be capable of sub-mM detection under practical excita-
tion. Higher sensitivity is in principle attainable in view of the
noise but would be challenging to achieve in practice as it would
require an extreme accuracy in background subtraction.
We report the first demonstration of SRS on a CMOS-
compatible silicon nitride waveguide with two CW excitations
and a non-sophisticated lock-in detection scheme. Apart from
the waveguide enhancement, the SRS signal is enhanced by five
orders of magnitude as compared to the on-chip spontaneous
result thanks to the stimulated excitation. The Raman spectra
of 280 mM (2%) of DMSO dissolved in water have been success-
fully recorded from a 1-cm-long waveguide with sub-10 mW
of excitations on the chip and a time constant of 600 ms. De-
spite the extra shot noise, SRS is demonstrated to have a better
performance regarding SNR than its spontaneous counterpart.
With improvement on modulation, waveguide design and light
coupling, we believe on-chip SRS would allow for a sub-mM de-
tection. In replacing the deep-cooled detectors in spectrometers,
our work holds the potential of enabling the full integration of
the Raman sensor on a small foot-print chip compatible with
manufacturing in a CMOS foundry. We envisage an on-chip
multiplexed SRS sensor with integrated multi-channel lock-in
amplifiers each dedicated to a specific Raman wavelength. We
believe this work will open new opportunities in real-time chem-
ical identification and quantification, constituting a versatile
tool for drug development, health monitoring, and real-time
environmental sensing.
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